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ABSTRACT
We study the hydrodynamic evolution of an explosion close to the stellar surface, and
give predictions for the radiation from such an event. We show that such an event will
give rise to a multi-wavelength transient. We apply this model to describe a precursor
burst to the peculiar supernova iPTF14hls, which occurred in 1954, sixty year before
the supernova. We propose that the new generation of optical surveys might detect
similar transients, and they can be used to identify supernova progenitors well before
the explosion.
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1 INTRODUCTION
One of the long standing mysteries about some types of su-
pernovae is their progenitor (Hirschi et al. 2017; Maeda &
Terada 2016). The main problem in determining the pro-
genitor is that by the time the supernova is brightest, the
progenitor is already destroyed.
One way to obtain information about the progenitor
is to consider radiative shock breakout. This is a brief and
faint precursor to the main emission from the supernova.
Shock breakout has been extensively studied in the past un-
der the assumption of spherical symmetry (Nakar & Sari
2010; Sapir et al. 2013). These models predict that a small
fraction of the stellar mass close to the stellar edge is ac-
celerated to velocities two orders of magnitude larger than
that of the bulk, and can emit hard photons due being out-
side blackbody thermodynamic equilibrium. However, it has
been suggested that an oblique shock breakout would sup-
press these effects (Matzner et al. 2013). Unfortunately, to
date only a handful of works studied the hydrodynamics of
oblique breakout (e.g. Couch et al. 2008, 2010) and even
fewer accounted for non equilibrium radiation transfer (e.g.
Afsariardchi & Matzner 2018). We note that the source of
the asymmetry in those previous studied are bipolar jets.
Different lines of evidence suggest that supernova explo-
sions are asymmetrical. Measurements of the degree of polar-
isation indicate that core collapse supernovae are asymmet-
ric (Mazzali et al. 2005; Shapiro & Sutherland 1982; Leonard
et al. 2006). Another indirect evidence for the asymmetry
are neutron star natal kicks (Beniamini & Piran 2016; Tau-
? E-mail: almog.yalin@gmail.com
ris et al. 2017). Similar observational evidence suggests that
type Ia supernova are asymmetric (Maeda 2010), and some
theoretical models rely on non spherically symmetric pro-
cesses to trigger the explosion. These models include white
dwarf collisions (Kushnir et al. 2013), mergers (Raskin et al.
2014) and instabilities (Glasner et al. 2015).
Recently, it has been suggested that explosions can oc-
cur during common envelope phase. The explosion is trig-
gered by a merger between the neutron star companion
and the core of the progenitor, which causes it to release
a large amount of energy in the form of jets (Soker & Gilkis
2017). The mechanism was invoked to explain the transient
iPTF14hls (Arcavi et al. 2017). About sixty years before
the supernova, in 1954, a -16 magnitude burst was observed
from the progenitor. It was suggested that this burst oc-
curred upon entry of the neutron star companion into the
progenitor envelope. In such a case, the explosion would have
been close to the surface of the progenitor.
This scenario motivates us to consider an explosion
that, instead of occurring at the centre of a star, occurs
very close to the surface – so close, in fact, that the ra-
dius of the star can be neglected. Prior to breakout, the
explosion evolves similarly a superbubble blowing out of a
galactic disk (Koo & McKee 1990, 1992). The explosion ex-
cavates a crater on the stellar surface and expels material
from the basin. The explosion also generates thermal radi-
ation, which is reprocessed by the ejecta before reaching an
observer. A similar approach was used to describe the emis-
sion from the impact of comet Shoemaker Levy on Jupiter
(Zahnle & Mac Low 1995).
© 2015 The Authors
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2 DOMAIN OF VALIDITY
In this work we concern ourselves with a certain transient
that occurs when an amount of energy is released close to
a stellar edge. Depending on the parameters of the event,
qualitatively different outcomes can arise. In this section we
discuss the requirements on the particular type of transient
we have in mind.
First, the want the shock wave to not be relativistic
when it approaches the stellar edge. This condition is given
by
Γ˜ =
E
ρr l3c2
< 1 (1)
where E is the energy of the explosion, l is the distance of
the hotspot from the stellar edge, ρr is the density there and
c is the speed of light. A small fraction of the mass might
still be accelerated to relativistic velocities (Tan et al. 2000;
Nakar & Sari 2012), however, this will not affect the bulk
material.
Second, we want the shock to be radiation dominated.
This condition is equivalent to the requirement that the
number of photons exceeds the number of particles, or that
the matter dominated temperature is larger than the radi-
ation dominated temperature. Matter dominated tempera-
ture is given by
kTm ≈ mp E
ρr l3
(2)
where mp is the proton mass. Radiation dominated temper-
ature is given by
kTr ≈
(
E
~3c3
l3
)1/4
(3)
where ~ is the reduced Planck constant. Hence, for radiation
to dominate
Γ˜3/N˜ =
(
mp
ρr l3
)4 (El
c~
)3
> 1 (4)
where N˜ =
ρrλ
3
p
mp
is the number of baryons in a cube whose
side is equal to the proton Compton wavelength λp = ~/mpc.
Finally, we want the energy injection to be deep enough
so that photons don’t diffuse out instead of interacting with
matter particles. This condition is equivalent to the require-
ment that the Sedov time of the explosion is shorter than
the diffusion time. This condition is given by
τ˜2Γ˜ =
κ2ρrE
lc2
> 1 (5)
where κ is the opacity and τ˜ = κρr l.
When the shock reaches a distance comparable to l,
we assume that it is moving much faster than the escape
velocity from the host star, so we neglect gravity. However,
as the shock expands and decelerates, then eventually the
shock velocity will drop to the value of the escape velocity.
When this happens, the shock truns into an acoustic wave
and crater excavation stops.
Finally, we note that in this work we always assume
that the material is fully ionised and that the dominant ab-
sorption process is Thompson scattering. Both assumptions
break down when the temperature drops below ∼ 103K and
the gas begins to recombine.
3 EARLY BREAKOUT EVOLUTION
3.1 Shock Ascent and Breakout
In this section we consider a stellar explosion initiated by
injecting an energy E into a hotspot at a distance l from the
stellar surface. We further assume that the distance from
the hotspot to the stellar surface is much smaller than the
radius of the star l  Rs. The density profile is given by
ρa = ρr (x/l)ω (6)
where x is the depth below the surface, ρr is the density there
and ω is a constant. In a stellar atmosphere, the reference
density would be ρr ≈ MsR3s (l/Rs)
ω , where Ms is the mass
of the star and Rs is its radius. As a result of the energy
injection, a shock wave will emerge from the hot spot and
move outward. While the radius of the explosion is much
smaller than the distance to the edge l it will evolve as a
Sedov Taylor explosion (Sedov 1946; Taylor 1950). When the
explosion reaches a distance l the mass swept by the shock
is ρr l3, and the shock velocity at that point is
√
E/ρr l3.
Afterwards, the upper part of the shock propagates into a
declining density profile, and accelerates. The acceleration
follows Sakurai’s law v ∝ ρ−µ, where µ ≈ 0.19 (Sakurai 1960).
Using the end of the Sedov Taylor phase as initial conditions,
we obtain the ascending shock velocity
va ≈
√
E
ρr l3
( x
l
)−µω
. (7)
The acceleration stops when diffusion becomes faster
than hydrodynamic advection (Nakar & Sari 2010). This
happens when the optical depth is comparable to the ratio
between the speed of light and the material velocity
τ ≈ c/va . (8)
Using criterion 8 we can find the depth from which pho-
tons begin to break out
xbo
l
≈
(
τ˜
√
Γ˜
)− 11+ω−µω
. (9)
We call this depth the breakout shell. The velocity of the
breakout shell is
vbo
c
≈ Γ˜− ω+12(1+ω−ωµ) τ˜
µω
1+ω−µω . (10)
The density of the breakout shell is
ρbo
ρr
≈
(
τ˜
√
Γ˜
)− ω1+ω−µω
. (11)
The energy of the breakout shell is given by
ebo
E
≈
(
τ˜
√
Γ˜
)−1+ µω1+ω−µω
. (12)
The diffusion time at breakout is
tbo
l/c ≈ Γ˜
− 1+ω/21+ω−µω τ˜−
1+µω
1+ω−µω (13)
whereas the light travel time across the breakout region is of
order l/c. Thus, assuming tbo > l/c, at the very early stage
of the shock breakout the luminosity rises to a value
Lbo
Ec/l ≈ Γ˜
1/2+µω
1+ω−µω τ˜−
1−3µ
1+ω−µω (14)
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3.2 Planar Phase
In the next phase of the shock breakout, material expands
only in a direction perpendicular to the stellar surface. This
is called the planar phase. Sine the motion is slab-symmetric,
the optical depth does not change, and so the luminosity is
solely due to the adiabatically cooling breakout shell
Lpl
Ec/l ≈
Lbo
Ec/l
( tbo
t
)4/3
≈ Γ˜
6µω−4ω−5
6(−µω+ω+1) τ˜
5µω−3ω−4
3(−µω+ω+1) t˜−
4
3 (15)
where t˜ = t · c/l. This phase ends when the ejecta expands to
a distance comparable to l, so the end of the planar phase
occurs at time
tpl
l/c ≈
l
vbo
/ l
c
≈ Γ˜− ω+12(1+ω−µω) τ˜−
µω
1+ω−µω . (16)
The emitting area in this phase is l2.
3.3 Spherical Phase
Next comes the spherical phase. In this phase shells expand
spherically. The optical depth drops light from shells below
the breakout shell emerges. We can calculate the density
above the stellar surface by assuming the velocity of a fluid
element does not change after it has been shocked and that
the velocity profile is homologous, i.e.
vh ≈
r
t
(17)
where r  l is the distance from the breakout site. A fluid
element at position r at time t originated at depth
xsp
l
≈
(√
Γ˜
t˜
r˜
) 1
µω
. (18)
The original mass that is now spread over a volume r3 is
msp
ρr l3
≈
(√
Γ˜
t˜
r˜
) ω+1
µω
(19)
and so the density is
ρsp
ρr
≈ r˜−3
(√
Γ
t˜
r˜
) ω+1
µω
. (20)
Photons diffuse from a radius where condition 8 is satisfied.
We call this position the luminosity shell, and its radius is
given by
rl,sp
l
≈ Γ˜− 1+ω2(1+ω+µω) τ˜
µω
1+ω+µω t˜
1+ω−µω
1+ω+µω (21)
A fluid element currently at rl,sp originated from a depth
xl,sp ≈ xsp
(
r = rl,sp
)
. The original energy of that shell was
ρa
(
x = xl,sp
)
va
(
x = xl,sp
)2
l2xl,sp but by the time it has
travelled a distance rl,sp, adiabatic cooling reduced the en-
ergy by a factor of
(
l2xl,sp
r3
l,sp
)1/3
. The diffusion timescale at
the luminosity shell is comparable to the dynamical time t
and so the luminosity is given by
Lsp
Ec/l ≈ Γ˜
−µω+ 16
µω+ω+1 τ˜
µω−ω− 43
µω+ω+1 t˜
−4µω+ 23
µω+ω+1 (22)
The photospheric radius can be obtained by solving κρspr ≈
1
rp,sp
l
≈ τ˜
µω
2µω+ω+1
(√
Γ˜t˜
) ω+1
2µω+ω+1
. (23)
The spherical phase ends when the original depth of material
at the luminosity shell is comparable with the initial depth
of the hotspot xl,sp ≈ l
tsp
l/c ≈
√
τ˜
4√
Γ˜
(24)
At later times the ejecta is dominated by material from
the basin of the crater the explosion excavated. The radius
of the crater grows as some powerlaw in time Rc ∝ tβ , where
the power law index is bounded by values corresponding to
momentum and energy conservation (Zel’dovich & Raizer
1967)
2
5 + ω
> β >
1
ω + 4
. (25)
In the next sections we perform numerical simulations to
determine β and calculate the lightcurve in the final phase.
4 CRATER EVOLUTION
4.1 Adiabatic Evolution
To obtain the power law index for the crater radius with
respect to time d ln Rc/d ln t = β, we ran a numerical simula-
tion using the moving mesh hydrodynamic code RICH (Ya-
linewich et al. 2015). We considered two cases, one where
the density scales with ω = 3, corresponding to a radiative
atmosphere, and ω = 3/2, corresponding to an adiabatic at-
mosphere. In each case, we tracked the position of the shock
wave at every time step, and fit the late time evolution to a
power law. The results are shown in figure 1. For a radiative
atmosphere we obtain β = 0.19, and for the adiabatic atmo-
sphere we obtain β = 0.25. A snapshot from the last time
step of the one of the simulations is shown in figure 2.
Now that we have β, we can obtain the crater radius as
a function of time by connecting the crater power law to the
early Sedov Taylor solution
Rc ≈ l
(
t
√
E
ρr l5
)β
(26)
From this relation we can also obtain a relation between the
shock velocity and the crater size
vc ≈
√
E
ρr l3
(
Rc
l
)1− 1β
(27)
We can determine the density profile above the stellar sur-
face in the phase where the basin is exposed in the same way
as we did in the spherical phase. We assume a homologous
velocity distribution in the ejecta, and that the velocity of
a fluid element does not change after it is shocked. A fluid
element in position r at time t originated from a depth of
xac
l
≈
(
r˜√
Γ˜t˜
) β
1−β
. (28)
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The density outside the stellar surface is
ρac
ρr
≈ r˜−
βω+3
1−β
(√
Γ˜t˜
) β(ω+3)
1−β
. (29)
To verify equation 29 we plotted the density as a function of
radius from the simulations in figure 3. The power law index
obtained from the simulation is very close to the theoretical
value. The luminosity radius is found using condition 8
rl,ac
l
≈ Γ˜
β(ω+3)
2(βω+2β+1) τ˜
−β+1
βω+2β+1 t˜
β(ω+4)−1
βω+2β+1 . (30)
The bolometric luminosity is given by
Lac
El/c ≈ τ˜
−5β−ωβ+1
2β+ωβ+1
(√
Γ˜t˜2
) 3β−2
2β+ωβ+1
(31)
The photospheric can be obtained by solving κρacr ≈ 1,
yielding
rp,ac
l
≈ τ˜
−β+1
βω+β+2
(√
Γ˜t˜
) β(ω+3)
βω+β+2
. (32)
We notice that the crater radius grows faster than the
luminosity radius. For example, in the case of the adiabatic
atmosphere, d ln Rc = d ln t = 0.25, whereas d ln rl,ac/d ln t =
0.2, and in the case of a radiative atmosphere d ln Rc =
d ln t = 0.19 whereas d ln rl,ac/d ln t = 0.17. Both radii be-
come comparable at time
tac
l/c ≈ Γ˜
β(−ω−2)
2(βω+2β−1) τ˜−
1
βω+2β−1 (33)
After time tac radiation escapes directly from the crater
basin. The evolution of the crater and the escaping radi-
ation will be discussed in the next section.
4.2 Radiative Evolution
Since radiation leaks directly from the crater basin, it
doesn’t experience adiabatic losses as in the previous cases,
so the luminosity is equal to the kinetic luminosity of the
crater shock. However, because of the same reason the shock
decelerates faster, since it only conserves momentum. This
phase is analogous to the snowplough phase in supernova
remnants. The shock wave is still self similar, but now with a
power law index β = 14+ω . The shock trajectory in this phase
can be obtained by connecting it to the adiabatic phase.
Rc ≈ l
(
tac
√
E
ρr l5
)β (
t
tac
) 1
ω+4
(34)
The kinetic luminosity is therefore
Lrc
El/c ≈ Γ˜
−βω2−7βω−13β+ω+4
βω2+6βω+8β−ω−4 τ˜
−βω2−9βω−20β+ω+5
βω2+6βω+8β−ω−4 t˜−
2ω+7
ω+4 . (35)
We note that the system enters this last phase after a very
long timescale (equation 33). In reality, crater excavation
stops when the explosion pressure drops below the ambient
pressure. This is probably happen before the system enters
the radiative crater phase, so it may never menifest itself
in a realistic scenario. The important results from the five
stages discussed so far are summarised in table 1.
Figure 1. Shock trajectories obtained from simulations. The
blue dots are for a radiative atmosphere (ω = 3) and the green
dots are for an adiabatic atmosphere (ω = 3/2). The orange and
red lines are power law fits to late times. The time and distance
have been scaled according to the initial conditions: the distance
scale is the depth of the explosion, and the velocity is scaled such
that it is equal to 1 at the moment the top of the explosion reaches
the stellar edge. The slope of the line in the case of a radiative
atmosphere is β ≈ 0.19, and in the case of an adiabatic atmosphere
β ≈ 0.25
5 RADIATION
5.1 Steady State Shock
Let us consider a steady state shock wave moving at v rel-
ative to some cold medium with density ρ. Let us further
assume that the opacity of the medium is zero for the un-
shocked medium and constant for the shocked medium. In
this configuration photons can escape from the shocked re-
gion and seen by an outside observer. We are interested in
the average energy of those photons as a function of the
shock velocity and density of the ambient medium. We will
refer to this energy as the photon temperature, even though
the temperature might not be strictly defined in cases where
the system is not in thermal equilibrium.
At very low velocities the temperature is matter domi-
nated, in which case
kTm ≈ mpv2 (36)
where k is the Boltzmann constant. At higher velocities mat-
ter becomes radiation dominated, and then the temperature
is given by
kTr ≈
(
ρv2~3c3
)1/4
(37)
where ~ is the reduced Planck constant. The transition from
matter to radiation dominated shocks occurs when
v
c
≈
(
ρλ3p
mp
)1/6
≈ 3 · 10−3
(
ρ
1 g/cm3
)1/6
(38)
where λp = ~/mpc is the proton Compton wavelength. At
even higher velocities the emerging photons are not in black-
body equilibrium with the shocked material. This is because
only photons emitted close to the shock front can escape and
make it to the observer. These photons are produced primar-
ily via thermal Bremsstrahlung, and at high velocities this
MNRAS 000, 1–7 (2015)
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Figure 2. Log Pressure snapshot of an evolved crater. The top
panel zooms in on the basin, while the bottom shows the outflow
above the stellar surface. The top part ideally should not con-
tain material, but since our simulation cannot handle vacuum,
we had to fill this space with low density gas (mock vacuum).
The dark wedge next to the origin represents outflow from the
basin, while the bright semicircle is shocked mock vacuum. The
polygons represent computational cells.
processes fails to produce enough photons to reach a black-
body thermal equilibrium. In this case, the temperature rises
as a very steep function of the velocity, since as the velocity
increases there is more thermal energy, and less photons to
share it. In this photon starved regime the temperature is
given by (Katz et al. 2010)
kTps ≈ mec2
(
mp
αme
)2 ( v
c
)8
(39)
where α is the fine structure constant. The transition from
the radiative to the photon starved regime happens when
v
c
≈
(
αme
mp
)4/15 ( ρλ3e
me
)1/30
≈ 3 · 10−2
(
ρ
1 g/cm3
)1/30
(40)
where λe ≈ ~/mec is the electron’s Compton wavelength. At
even higher velocities pair production kicks in and prevents
Figure 3. Profile of the density as a function of the distance
from the hotspot, taken from adiabatic numerical simulations,
for an adiabatic atmosphere (top) and a radiative atmosphere
(bottom). The adiabatic index of the gas is γ = 5/3 in both cases.
The numerical results are in blue, and the power law fit is in
orange. The theoretical power law indices (equation 29) for the
adiabatic atmosphere is -4.5 and for the radiative case it is -4.4.
From the numerical simulation we can about -4.6 for both cases,
so the numerical simulation roughly agrees with the theoretical
model.
the temperature from exceeding pair production enevery
kTpp ≈ mec2 . (41)
The transition from the photon starved to the pair produc-
tion regime happen when
v
c
≈
(
αme
mp
)1/4
≈ 4 · 10−2 . (42)
At even higher velocities the temperature in the fluid frame
remains at this constant value, but due to special relativistic
effects the temperature observed increases as the velocity
MNRAS 000, 1–7 (2015)
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approaches the speed of light. In this paper we will not take
into account relativistic effects.
5.2 Evolving Shock
In the previous section we saw that at when the shock is
faster than about 104 km/s then the emerging photons are
not in blackbody thermal equilibrium. In this section we
argue that non equilibrium emission is only important for
the early phases (i.e. planar and spherical phases) and not
for the crater phase. The main reason for that is that in
the early phases the shock velocity changes very slowly with
distance from the edge v ∝ x−µω , while in the cratering
phase the velocity declines very steeply v ∝ x1−1/β , where
β ≈ 0.2. Therefore, even if the radiation is not in thermal
equilibrium at the beginning of the crater phase, the shock
velocity will quickly drop to a point where radiation is in
blackbody equilibrium. In the late stages of the transient,
in which is most likely to be observed, it will always be in
blackbody thermal equilibrium.
6 APPLICATION
In this section we consider the burst observed in 1954 from
the progenitor of iPTF14hls. According to the model of
(Soker & Gilkis 2017), the 1954 burst occurred when the
companion neutron star first entered the envelope of the pro-
genitor star - a 80M supergiant with a radius of Rs ≈ 100R.
Due to the techonological capabilities at the time, only the
absolute magnitude of the event at peak is known: about -16
in the r band (Arcavi et al. 2017), which roughly translates
to a luminosity of 108L ≈ 1041 erg/s. Assuming this is the
luminosity at the end of the spherical phase (or the begin-
ning of the exposed basin phase), a radiative envelope ω = 3,
and and that the explosion occurred in a moderate depth
l/Rs ≈ 0.1, we can estimate the energy to be of the order of
E ≈ 1048 erg. Using these estimates, and the discussion from
the previous sections, we plotted the theoretical lightcurve
in figure 4 and the evolution of the blackbody temperature
in figure 5. We see that in the early stages of the explosion
(i.e. the planar and spherical phases) the temperature was in
the mild X-ray and UV range, so it would not be observable
from earth. At the beginning of the crater phase the temper-
ature drops to the visible range. We note that in the planar
and spherical phases the radiation can depart from black-
body equilibrium, in which case the temperature might be
even higher, and so the prospect of observing these phases
from earth is even lower.
It is reasonable to assume that if such a burst would be
detected today, then the duration and temperature would
also be measured. Using the extra data it would be possible
to also infer the depth at which the explosion occurred.
7 CONCLUSIONS
In this work calculated the lightcurves and temperature from
an explosion close to the surface of a star. The early evo-
lution of such an explosion follows the same phases as in
the case of a planar breakout. However, this transient has a
Figure 4. Bolometric light curve for the explosion described in
section 6. The hydrodynamic phase is indicated next to each seg-
ment.
Figure 5. Temperature evolution in the case described in section
6. The hydrodynamic phase is indicated next to each segment.
third, long lasting phase where radiation leaks from a shock
that excavates a crater in the stellar atmosphere.
We use this model to describe the 1954 outburst of the
progenitor iPTF14hls (Arcavi et al. 2017). According to the
theoretical model of (Soker & Gilkis 2017), iPTF14hls is the
result of a merger between a companion neutron star and the
core of a giant star, and the 1954 burst occurs during the
initial plunge of the neutron star into the giant’s envelop.
We calibrate the energy of the burst according to the ob-
served luminosity, and from it we calculate lightcurves and
a temperature. We find that in the early phases the temper-
ature was too large to be observed from earth, but in the
crater phase the temperature drops to the visible range.
With the launch of next generation optical surveys, like
ZTF (Bellm & Kulkarni 2017) and LSST (Robertson et al.
2017), it would be easier to detect similar transients in the
future. Proper identification and modelling of these tran-
sients, could, in principle, be considered as a precursor to
MNRAS 000, 1–7 (2015)
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Phase Luminosity [Ec/l] Duration [l/c] Photospheric radius [l]
Breakout Γ˜
1/2+µω
1+ω−µω τ˜−
1−3µ
1+ω−µω Γ˜−
1+ω/2
1+ω−µω τ˜−
1+µω
1+ω−µω 1
Planar Γ˜
6µω−4ω−5
6(−µω+ω+1) τ˜
5µω−3ω−4
3(−µω+ω+1) t˜−
4
3 Γ˜
− ω+12(1+ω−µω) τ˜−
µω
1+ω−µω 1
Spherical Γ˜
−µω+ 16
µω+ω+1 τ˜
µω−ω− 43
µω+ω+1 t˜
−4µω+ 23
µω+ω+1
√
τ˜/ 4
√
Γ˜ τ˜
µω
2µω+ω+1
(√
Γ˜t˜
) ω+1
2µω+ω+1
Adiabatic Crater τ˜
−5β−ωβ+1
2β+ωβ+1
(√
Γ˜t˜2
) 3β−2
2β+ωβ+1
Γ˜
β(−ω−2)
2(βω+2β−1) τ˜−
1
βω+2β−1 τ˜
−β+1
βω+β+2
(√
Γ˜t˜
) β(ω+3)
βω+β+2
Radiative Crater Γ˜
−βω2−7βω−13β+ω+4
βω2+6βω+8β−ω−4 τ˜
−βω2−9βω−20β+ω+5
βω2+6βω+8β−ω−4 t˜−
2ω+7
ω+4 · · ·
(
τ˜ t˜
√
Γ˜
)1/3
Table 1. The luminosity, duration and photospheric radius for each of the four phases discussed in sections 3 and 4
the supernova explosion. This would allow us to study the
properties of the progenitor antemortem.
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